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ABSTRACT

" An experimental investigation of laminar boundary-layer transition
on a sharp, 10-deg total-angle, insulated cone at zero yaw was con-
ducted in the AEDC-VKF 12- and 40-in. supersonic wind tunnels at free-
stream Mach numbers from 3 to 6. This research was directed toward
defining the relationship between the aerodynamic noise disturbances
and boundary-layer transition Reynolds numbers (Re;); in high-speed
wind tunnels and has extended previously published planar results to
include axisymmetric models. A significant increase in (Rei); with in-
creasing tunnel size (similar to the planar results) is shown to exist.
Sharp cone transition Reynolds numbers from ten facilities (12- to 54-in.)
for free-stream Mach numbers from 3 to 14 and a unit Reynolds number
per inch range from 0.1 x 106 to0 1, 2 x 106 have been correlated using
aerodynamic-noise-transition parameters. A quantitative correlation
of the ratio between cone and planar (Ret)a values has been developed
which demonstrates a strong Mach number dependence and also indicates
a variation with tunnel size and unit Reynolds number.
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SECTION |
INTRODUCTION

Whenever theoretical analyses for a particularly difficult, but equally
important, physical phenomenon are known to be inadequate then solutions
must, from necessity, be provided by experimental and empirical results.
For over six decades the laminar boundary-layer transition process has
defied the development of a successful theoretical analysis. Consequently,
the bulk of the knowledge accumulated to date on this very complex fluid
flow phenomenon has relied almost entirely on experimental data. Unfor-
tunately, however, as experimentalists continue to gather transition
data — to advance the state of the art and to meet the demands dictated by
high performance reentry vehicles and supersonic-hypersonic cruise
aircraft — it is becoming more evident that the transition process (as was
the case with the now historic stability experiments of Ref. 1) is critically
dependent, even at supersonic-hypersonic Mach numbers, on the free-
stream disturbance modes present in conventional experimental facilities.

Facility-generated disturbances (primarily vorticity) present in sub-
sonic and low supersonic (M_ < 3) wind tunnels have long been recognized
to have a significant and adverse effect on transition, Refs. 1 through 7.
However, for lack of evidence it has been the policy of most transition in-
vestigators to assume that the disturbance modes present at higher Mach
numbers (M_ 2 3) (primarily radiated sound or aerodynamic noise) had
negligible effects on the location of transition and on the development of
the transition process.

However, recent experimental transition research by Pate and
Schueler, Refs. 8 and 9, has shown, conclusively, the severe, adverse
effect that the aerodynamic noise which radiates from the turbulent bound-
ary layer on the walls of supersonic and hypersonic tunnels will have on
transition. These studies have provided an extensive and unique
aerodynamic-noise-transition Reynolds number correlation of high-speed
(3 £M_ < 8) wind tunnel (Ret)s data from many different facilities. The
intensity of the radiated noise as reported in Refs. 8 and 9 was related
to the tunnel size, tunnel wall boundary-layer state (laminar, transitional,
or turbulent), tunnel unit Reynolds number, and tunnel Mach number.

Over the years, experimentalists have attempted to establish a valid
relationship between cone and flat plate transition Reynolds numbers.
Perhaps the most significant results to date in this area were those re-
ported in Refs. 10 and 11. From a qualitative comparison of (Re;)s data
obtained on axisymmetric and planar models from several sources and
several different wind tunnels, Potter and Whitfield, Ref. 10, observed
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that the (Ret)s ratio (cone to planar) appeared to decrease from a value

of approximately three at My = 3 to about one near My = 8. However,
more recently in Ref. 11, Whitfield and Iannuzzi concluded that attempts
at direct comparison of cone and planar (Re;)s data from various high-
speed facilities must now be viewed with reservation and that cone-planar
(Ret)é3 ratio results cannot be clearly established from presently available
experimental data. Their conclusions were based primarily on the recent
transition studies of Pate and Schueler, Refs. 8 and 9. Therefore, evi-
dence to date appears to indicate that the free-stream disturbances pres-
ent in high-speed test facilities are also masking the factor of three differ-
ence between cone and flat plate (Ret)5 values that have been reported ex-
perimentally and implied by many investigators using the theoretical
analysis of Tetervin in Ref. 12.

The purpose of this research was to extend the investigation of tunnel
aerodynamic noise effects on transition to include axisymmetric models.
Slender cone models have been tested at 3 < M_ < 6 to determine if cone
transition Reynolds numbers varied appreciably with the tunnel size and
to establish if an aerodynamic-noise-transition correlation similar to the
planar results of Refs. 8 and 9 could be developed.

These transition studies, conducted in the Tunnels A and D {Gas
Dynamic Wind Tunnels, Supersonic (A) and (D), respectively), have also
provided new information on the relation between cone and flat plate
(planar) transition Reynolds numbers obtained in high-speed (3 £ M_ < 8),
conventional wind tunnels.

SECTION Il
EXPERIMENTAL CONDITIONS

2.1 WIND TUNNEL FACILITIES

New experimental data included in this report were obtair’led at the
Arnold Engineering Development Center (AEDC) in the von Kdrman Gas
Dynamics Facility (VKF), supersonic Tunnels A and D.

2.1.1 Tunnel D

Tunnel D is an intermittent, variable density wind tunnel with a
manually adjusted, flexible-plate-type nozzle and a 12- by 12-in. test
section. The tunnel operates at Mach numbers from 1.5 to 5 at stag-
nation pressures from about 5 to 60 psia, respectively, and at average
stagnation temperatures of about 70°F.
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2.1.2 Tunnel A

Tunnel A is a continuous, closed-circuit, variable density wind
tunnel with an automatically driven, flexible-plate-type nozzle and a
40- by 40-in. test section. The tunnel operates at Mach numbers from
1.5 to 6 at maximum stagnation pressures from 29 to 200 psia, respec-
tively, and stagnation temperatures up to 290°F (M_ = 6). Minimum
operating pressures range from about one-tenth to one-twentieth of the
maximum pressures.

2.2 TRANSITION MODELS AND APPARATUS

The transition model, Figs. 1 and 2 (Appendix I), was a 10-deg
total-angle, stainless steel cone equipped with a tool steel nose section.
The model had a surface finish of approximately 10 #in, and a tip blunt-
ness (b) between 0. 005 and 0.006 in. The Tunnel D model consisted of
the nose and center section as shown in Fig. 1. The Tunnel A model
was obtained by adding an aft section as shown in Figs. 1 and 2. In
order to maintain a near-perfect joint between the sections, the model
surface was refinished after attaching each model section.

A remotely controlled, electrically driven, surface pitot probe (tip
geometry illustrated in Fig. 1la) as shown in Figs. 1b and 2 provided a
continuous trace of the probe pressure on an X-Y plotter from which the
location of transition was determined.

Schlieren and shadowgraph photographic systems were used as a
secondary method for detecting the location of transition in Tunnels D
and A, respectively.

A 1/4-in.-diam, flush-mounted surface microphone having a fre-
quency response from 0 to 30 kHz and a dynamic response from 70 to
180 db was also used to measure the model surface pressure fluctuations
in the laminar, transitional, and turbulent flow regimes and to determine
the location of transition.

SECTION IlI
INVISCID FLOW CONE PROPERTIES

The unit Reynolds number ratios at the surface of -sharp, unyawed
cones, assuming inviscid flow properties, have been calculated and the
results are presented in Fig. 3. The justification for presenting these
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results was precipitated by the fact that in reviewing published transition
results it became apparent that inconsistencies existed in the calculation
of tunnel unit Reynolds numbers and more often for cone surface values.
These differences were traceable primarily to the different viscosity re-
lationships used. Therefore, the surface Reynolds number ratios assum-
ing inviscid flow over sharp, unyawed cones were calculated using three
different methods.

I. Using the linear viscosity law (4 = T) which is valid for temper-
atures below approximately 216°R.

(Reg). - Pe Me (T 1.5
Rex linear law Poo Moo T, (1)

2. Using Sutherland's viscosity law which is valid for temperatures
above approximately 216°R.

. 2
[(Re&)cl _ Pe M. (TA (Tc + 198.6) 2)
Reo Sutherland *Poo Mao Tc’ Too + 198.6

T

3. Using a combination of the linear and Sutherland viscosity laws

(Re§)e Pc Mc (Too)x oo
Reo linear B ;“M“ T, He (3)

plus Sutherland

for T < 215°R, {(#iinear = (0.0805 x 1078) (T), lb-sec/ft?

2.270 x (T)13
216° ’ utherland = 10—8. 1b- /ft2
T2 R, (s ertand 198.6 + T 8 see

Equation (3) combines the two viscosity 1aws and thus provides the
more general method for calculating the Reynolds number ratio. A com-
bination of the viscosity laws allows the free-stream viscosity to be de-
termined using the linear law and the cone surface value to be evaluated
using the Sutherland law which is often the condition existing in wind
tunnels at high supersonic and hypersonic Mach numbers.

Figure 3a presents the Reynolds number ratios for M_ = 2, 5, and
12 and cone half-angles (Oc) from 0 to 35 deg. As clearly evident, the
three methods can produce significant differences depending on the com-
bined effects of cone angle and flow conditions.
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A family of Reynolds number ratios calculated using Eq. (3) is
shown in Fig. 3b., It may be noted that the ratios are temperature
dependent at flow conditions where Sutherland's viscosity law was
applicable. The temperatures (T,) were selected to correspond to
the range of total temperatures usually available in wind tunnels.

All of the transition Reynolds numbers presented in this report
(including data from other sources) were calculated using Eq. (3) or
were obtained from Fig. 3b.

SECTION IV
BASIC TRANSITION RESULTS

4.1 METHODS OF DETECTION

A surface pressure probe, microphone, and photography were used
to detect transition.

4.1.1 Surface Probe

Typical surface probe transition profiles obtained in Tunnels D and A
are presented in Figs. 4 and 5 for several Mach numbers and unit Reynolds
numbers. Unless otherwise specified, the location of transition used in
this study is defined as the peak in the pitot pressure profile as illustrated
in Figs. 4 and 5. This method of transition detection is generally accepted
as being near the end of the transition region (Refs. 13 and 14) and has
been established as one of the more repeatable and reliable methods of
selecting a particular and finite location of transition.

4.1.2 Microphone

Pressure fluctuation profiles obtained with the flush-mounted 1/4-in.-
diam surface microphone are shown in Fig. 6. The sharp apex in the pres-
sure profile was defined as the indication of transition at the microphone
location. The transition Reynolds number, based on this definition, is
compared to the pitot probe values in subsequent figures. It is of interest
to note the similarity between the root-mean-square (rms) profiles and
other measurements of the transition region, e.g., the surface probe
(Figs. 4 and 5), heat-transfer rates (Refs. 15 and 16), and heat-transfer
fluctuations (Ref. 17). Additional information on the spectral distribution
of the pressure fluctuations in the laminar, transitional, and turbulent
boundary layers on this configuration and a description of the microphone
instrumentation and recording procedures are reported in Ref. 18,
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4,1.3 Photographic Observations

The location of transition as determined from schlieren and shadow-
graph photographs was selected at the body station where the boundary
layer had developed into what appeared visually to be fully turbulent flow.
This location of transition provided (Rey)s values, in general, about 10
to 20 percent lower than (Rey); results obtained from the surface probe
peak pressure locations. Any burst, ripples, or rope effects that were
observable upstream of the fully developed turbulent location were ig-
nored in the selection of x;. The transition values presented represent
an average ¥; value determined from approximately four different photo-
graphs,

4.2 TRANSITION REYNOLDS NUMBERS

As stated in Section I, one of the primary objectives of this research
was to provide sharp cone (Ret)5 data suitable for direct comparison with
existing two-dimensional hollow cylinder data reported in Refs. 8, 9,
and 13. To maintain as nearly identical free-stream flow disturbances
as possible, the cone was positioned in the tunnel very near the previous
hollow cylinder locations and the experiments were conducted at equiv-
alent free-stream Mach number and unit Reynolds number values.

The transition Reynolds number results for Tunnels D and A are
presented in Figs. 7 and 8 (see also Tables I and II, Appendix II) and
appear quite normal in that they exhibit the usual increase in (Re); with
increasing (Re/in.); and the photographic values are about 10 to 20 per-
cent lower than the surface probe values. Although the microphone re-
sults were limited to two data points, the peak in the pressure fluctuation
profile appears to provide (Rei)s; values consistent with the surface probe
and photographic values.

One of the known (but sometimes forgotter) variables that can affect
the transition location is the dew point (temperature at standard atmos-
pheric pressure at which water condensation occurs), Ref. 19, In Tunnel D
the dew point was sufficiently low (< 0°F) at all Mach numbers not to affect
the x; locations. Also, in Tunnel A the dew point was sufficiently lowl at
all Mach numbers except for the lower unit Reynolds numbers (subatmos-
pheric.pressure levels) at M, = 3, as illustrated in Fig. 8a. Therefore,

1The relatively high dew point existing in the M, = 3 data reflects
facility limitations existing on that particular date and does not necessarily
represent standard test conditions.
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a suggested (Re;)s trend as indicated by the dashed line has been included
in Fig. 8a for M, = 3.

SECTION V
TRANSITION CORRELATION

The primary objective of this research was to determine if sharp
cone transition Reynolds numbers varied with tunnel size in accordance
with the previously published planar results and to establish if the (Ret)6
values could be correlated using the aerodynamic-noise-transition param-
eters developed by Pate and Schueler, Refs. 8 and 9.

There was a large increase in the cone (Rey)s values from Tunnels D
and A at all test Mach numbers as can be readily determined by a compar-
ison of the data in Figs. 7 and 8. Figure 9 presents a direct comparison
of the M_, = 4 cone (Re;), data from Tunnels D and A. .The large increase
in (Ret)s with increasing tunnel size is clearly evident and is very similar
to the planar results from Refs. 8 or 9 which are included for a quantita-
tive comparison., The increase in (Ret)a with increasing tunnel size is
explained by a decrease in the aerodynamic-noise intensities that radiate
from the turbulent boundary layer on the tunnel walls. A more compre-
hensive discussion of this type of disturbance mode and the aerodynamic-
noise-transition correlation parameters (6%, Cg, and c) is given in Refs.
8 and 9.

Transition Reynolds numbers on sharp slender cones were correlated
as shown in Fig. 10 using the aerodynamic-noise-transition parameters
developed by Pate and Schueler in Refs. 8 and 9. Data used in the cone
correlation were obtained not only from the present investigation, but
from a total of ten sources representing ten different wind tunnel facili-
ties. The data covered a free-stream Mach number range from 3 to 14,
an (Re/in.)m range from 0.1 x 106 to 1.2 x 106, and test section sizes
from 12 in. square to 54 in. in diameter. Specific information on the"
range of test conditions and pertinent information on model geometry are
provided in Table III. Also included in Fig. 10 is the correlation of two-
dimensional (Ret)s data taken from Refs. 8 and 9. The (Ret)s data ob-
tained with detection methods other than a surface probe were adjusted
in accordance with the findings of Refs. 13 and 14 as specified in Table III,

One factor that must be recognized in the correlation of cone data is
the absence of a one-to-one relation or even a constant ratio between the
free-stream and cone surface unit Reynolds numbers. If a series of cone
angles had been selected which would have allowed a constant ratio of
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certain cone to free-stream parameters - say the unit Reynolds number
ratio - to have been maintained, then any relationship that might have
existed between the strength of the cone bow shock wave and/or the
receptivity of the cone laminar flow to the radiated noise levels after
passage through the bow shock would possibly have remained more
constant. Future investigations in these areas would, or course, be
desirable. Notwithstanding these uncertainties, the cone (Ret)5 values
are shown (Fig. 10) to correlate fairly well without exhibiting a signif-
icant dependence on the cone angle. It is perhaps of special interest to
note that (Ret)s data from the AEDC-VKF Hotshot Tunnel F (Gas Dynamic
Wind Tunnel, Hypersonic (F)), although a little low, appear to correlate.
In addition to the radiated sound disturbances that are presumed to be
present in Tunnel F, there is also the likely possibility that significant
free-stream entropy fluctuations (temperature spottiness) are also pres-
ent. It would be expected that this additional disturbance mode would
also have an adverse effect on (Rey)s.

An empirical equation for the two-dimensional planar correlation
was reported in Refs. 8 and 9 to be

[ 0.0141 {Cp)~2:53 [0.56 + 0.44(%1—)]
mer’% — \/g (4)

An empirical equation that fits the cone data fairly well can be
written as

10.5 (CF)‘1-55L).56 + 0.44 "—9]
Eﬂel)a]cone 3 [Q: ’ (5)

There are several significant results (other than the basic correlation
which was independent of Mach number and unit Reynolds number) to be
deduced from Fig. 10.

First: The sharp cone and planar correlations appear to intersect at
the low Cg values (M, 2 8) and diverge as Cg increases {M_-3). This
trend implies that the ratio of cone to planar (Ret)a values is dependent
on Mach number, tunnel size, and unit Reynolds number. A detailed
discussion on this subject is pursued in Section VII.

Second: A literal interpretation of the correlation suggests that
Tunnel F planar (Ret)s values would be larger than cone values. The
validity of this inference will have to wait for experimental verification.
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The average turbulent skin friction coefficients (Cg) used in the
transition correlation were determined using Ref. 20, in conjunction
with the tunnel free-stream Mach number and a length Reynolds num-
ber based on (Re/in.)  and the model axial location (£,,) as measured
from the tunnel throat. Information concerning the determination of
the tunnel wall §* values is provided in Table III.

The reader should be aware that the (Re;); correlations presented
in Fig. 10 are applicable only to wind tunnels having turbulent wall
boundary layers. Consequently, the correlations cannot be used for
evaluation of ballistic range or free-flight transition locations. Fur-
thermore, the experimental.data and correlations presented should not
be used to reach conclusive decisions regarding the ''true’ Mach num-
ber and unit Reynolds number variations that may exist in a disturbance-
free environment (either free-flight or experimental facility). However,
/it has been established that - at least in conventional supersonic and
hypersonic wind tunnels - radiated noise is a major and perhaps domina-
ting influence on the transition location and process.

SECTION VI
TUNNEL SIZE AND MACH NUMBER EFFECTS

Significant increases in planar transition Reynolds numbers with
increasing tunnel size as a result of a decrease in the radiated aero-
dynamic noise were thoroughly documented by Pate and Schueler, Refs.
8 and 9. Cone (Ret)s data obtained during the present investigation in
Tunnels A and D demonstrated a similar increase with increasing tun-
nel size as was illustrated in Fig. 9.

A composite plot of data from the present study and several other
sources is presented in Fig. 11. These results firmly establish the
existence of a significant increase in cone and planar (Ret)s values
with increasing tunnel size. The data presented also clearly indicate
that only by comparing data obtained in identical test environments can
a valid and meaningful relationship between cone and planar (Ret)5 ratios
be established.

Figure 11 also adds substantial support to the conclusion of Refs. 8
and 9 that the '"true'' Mach number effect on transition cannot be estab-
lished from wind tunnel models exposed to aerodynamic noise. It is
perhaps also of interest to note the difference in Mach number trends
between the cone and planar (Ret)s data which exists even when the fair-
ing is based on data from tunnels of similar size.
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The predicted (Ret); values obtained using Eqs. (4) and (5) are also
included in this figure, and the agreement with the experimental data in
both trends and levels is considered quite satisfactory.

Variations of transition with tunnel size are perhaps most strikingly
demonstrated at M_ = 3 where the cone and planar data are presented for
tunnels varying in size from 5 to 40 in. and from 1 to 16 ft, respectively.

Concerning Mach number effects, the reader is referred to the re-
sults obtained by Stainback at NASA-Langley (Ref. 21) which were rep-
resented and discussed in Refs. 8 and 9. These studies report that when
the tunnel and cone local unit Reynolds number were held approximately
constant and the cone local Mach number was varied from about 4 to 8 — by
proper selection of cone angles — then the (Rey)s values were independent
of Mach number., These results are in agreement with the proposed
aerodynamic-noise-transition relation and with the correlations presented
in Fig. 10,

. SECTION VII
AXISYMMETRIC AND PLANAR TRANSITION CORRELATION

Potter and Whitfield in Ref. 10 made a qualitative comparison of
(Re;)s data obtained on cones and planar bodies from several sources and
observed that the ratio of (Rey)s, cone/ (Ret)s, planar @PPeared to decrease
from a value of approximately 3 at M_= 3 to a value of about 1.1 at M~ 8.
Based on the planar results of Pate and Schueler, Refs. 8 and 9, Whitfield
and Iannuzzi in Ref. 11 concluded that attempts at comparison of (Rey)s
from various high-speed facilities as done in Ref. 10 must now be viewed
with reservation, and the relationship between cone and planar (Rey)s
results could not be established from presently available data.

Therefore, one of the primary objectives of this research was to
attempt to establish a quantitative correlation of sharp slender cones
(axisymmetric) and flat plate-hollow cylinder (planar) transition Reynolds
numbers at supersonic and hypersonic speeds.

Based on the results of Refs. 8 and 9, it was realized that a corre-
lation was possible only if cone and flat plate data were obtained in the
same test facility, under identical test conditions, using equivalent
methods of transition detection. There are no available investigations of
the receptivity of a laminar boundary layer to radiated noise. Consequently,
it was necessary to obtain (Re;); data exposed to various intensity levels
of radiated noise while continuing to maintain a constant free-steam unit

10
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Reynolds number and Mach number if the cone-planar (Ret); relation was
to be determined. This was accomplished by obtaining test data in signif-
icantly different-gized tunnels (VKF Tunnels A and D).

Presented in Fig. 12 is a correlation of cone and flat plate (Rey)s
data developed from the data obtained in this study and Refs. 8 and 9
(VKF Tunnels A and D) and data from three other test facilities. Based
on the results of Refs. 8 and 9, it can be argued that there are various
procedures that are available for reducing this type of data. The three
procedures used are outlined in the legend of Fig. 12. The significant
conclusions to be drawn from this figure are: (1) The (Rey)s ratio
appears to be about 2.2 10 2.5 at M, = 3. (2) The trend decreases
monotonically with increasing Mach number to a value of approximately
1.0to 1.1 at M_ = 8. (3) Close inspection of these results at a given
Mach number (M, = 3 to 5) suggests a decrease in the (Re)s ratio with
increasing tunnel size. This finding is in agreement with the correlation
results presented in Fig. 10. (4) The (Ret); ratio is also slightly depend-
ent on the method of analysis.

An empirical equation for the cone-planar (Ret)5 ratios can be obtained
by ratioing Eqs. (4) and (5).

Then

- (Ret)a,cnne Eq. (3)

2 = 74 0,89
(Rel)a,p]anat Eq. (4) ‘P (CF) (6)_

Predicted transition ratios using Eq. (6) are presented in Fig. 13 for
a large range of tunnel sizes, Mach numbers, and (Re/in.) values. The
experimental data for the 40- and 50-in. tunnels (3 < M_< 8) are in good
agreement with the empirically predicted ratios. The data also indicate,
qualitatively at least, a decrease in the transition ratio with an increase
in tunnel size.

Many investigators have referenced the analytical analysis of Tetervin,
Ref. 12, when attempting to explain the cone-planar’ (Rey)g ratios of
approximately three that were observed experimentally. Therefore, it
appears of interest to consider Tetervin's theoretical results (Refs. 12,

22, and 23) in some detail. '

From Tetervin's theoretical analysis in Ref. 22

'(Re:)S. cone <14+ 2 (301)6. planareminimum (7)

(Re,)s, planar (Re\)5 planar

11
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The (Rey)s, planar-minimum Values represent the theoretical mini-
mum transition Reynolds number that can occur on a flat plate, and
these values are presented as a function of Mach number and model sur-
face temperature in Ref. 22.

Tetervin's theoretical transition ratio (Eq. (7)) was derived using
linear stability theory. As shown by Eq. (7) when (Ret)s, planar 15 near
the minimum possible value then the cone-planar ratio approaches a
value of three. As (Ret)s, planar moves farther downstream then Eq. (7)
approaches a value of unity. The assumptions that must be applied to
Tetervin's analysis are: (1) free-stream disturbances are nonexistent,
or (2) the disturbances affect only the laminar region of instability up-
stream of the respective (Ret)s , planar-minimum 10cations, or (3) the
absorptivity characteristics of the laminar layers on both the cone and
flat plate downstream of the (x¢)planar-minimum locations are identical.
There are no available experimental supersonic data that comply with
assumption No. 1, and with disturbances present there is no evidence to
support assumptions (2) and (3). Nevertheless, it appears to be of
interest to use Eq. (7) and the theoretical (Re)s planar-minimum values
of Ref. 22 in conjunction with the experimental (Ret)s -planar values pre-
sented in Fig. 11 of this study to estimate a few cone-planar transition
ratios. The results are listed in column six of Table IV.

An increased value for Eq, (7) can be obtained if experimentally
measured minimum critical Reynolds number (Fig. 3 of Ref, 12, showing
the stability data of Schubauer and Skramstad, Laufer and Vrebalovich,
and Demetriades) is used instead of the theoretical estimates of Tetervin.
Also the (Ret)s values presented in Fig. 11 (and used in the previous
evaluation of Eq. (7)) correspond to the maximum pitot probe pressure
location which is on the order of a factor of two downstream of what one
might consider as a 'measurable’ beginning of transition. Incorporating
these adjustments into Eq. (7) produces the cone-planar ratios tabulated
in column seven of Table 1IV.

For a factor of three to exist in the estimated cone-planar transition
ratio at M, = 3 would require, depending on the method of analysis, a
two-dimensional (Re)s, planar value of 16,000 to 80,000, To the author's
knowledge, these values are on the order of a factor of 10 to 50 below any
published data. Therefore, it would seem that the cone to flat plate ratio
of three quoted by many investigators as being theoretically predicted by
Eq. (7) is perhaps without adequate foundation, and the apparent agree-
ment with experimental data that appeared to exist is perhaps only
fortuitous. Similarly, the decrease to approximately one exhibited by the
experimental data in Figs. 12 and 13 as the Mach number approaches eight
does not appear, based on the results in Table IV, to be explained by

12
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Eq. (7). Based on the available information it is suggested that the
absolute values produced by Eq. (7) are, at best, not adequate for
accurate predictions or for laying a foundation for analyzing experi-
mental transition results. However, it is of interest to note the trend
predicted by Eq. (7) for a constant Mach number when the value of
(Ret)s, planar-minimum i8S assumed constant. The cone-planar (Ret)s
ratio as given by Eq. (7) is seen to decrease with increasing experi-
mental (Ret)s -planar values — which will occur with increasing tunnel
size or increasing (Re/in.), — and this trend is in agreement with the
experimental results shown in Figs. 12 and 13.

SECTION vilI
COMPARISON OF TUNNEL AND RANGE RESULTS

Figure 14 presents a direct and quantitative comparison of transi-
tion data from sharp slender cones obtained in wind tunnels and an aero-
ballistic range, Ref. 24, at equivalent local Mach numbers using similar
methods of detection. At a comparable (Re/in.)s value, these data suggest
that the range (Ret)6 data are significantly lower than the tunnel results,
even for the 12-in. tunnel.

One major nonsimilarity between the tunnel and range experimental
conditions is in the surface temperature ratios. Transition reversals
have been predicted theoretically, Ref. 25, and verified experimentally,
Refs. 26 and 27, and possible transition reversals have been shown
experimentally, Ref. 27. However, to the author's knowledge, there
are no experimental data that show transition Reynolds number to de-
crease below the adiabatic wall value for any degree of surface cooling.
Therefore, if comparisons could be made where the model wall to free-
stream temperature ratios were comparable, then a larger difference
between tunnel and range (Ret)s data than suggested by Fig. 14 might
exist.

One question that naturally arises is whether adverse environmental
or model disturbances could be affecting the range results. Only additional
and new experimental range data can answer this question. It is also of
interest to note that the data in Fig. 14 indicate a significant difference
between the tunnel and range Ret versus (Re/in.)g slope. The significance
of the unit Reynolds number effect evident in the range data and the results
of preliminary investigations on range noise disturbances have been re-
ported in Ref. 24.

13
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SECTION IX
CONCLUDING REMARKS

The significant results obtained from this experimental research
were:

1. Boundary-layer transition measurements made on a
sharp, 10-deg total-angle cone in a 12- and 40-in. wind
tunnel at Mach numbers from 3 to 4.5 have shown a
significant increase in transition Reynolds numbers
(Rey)s with increasing tunnel size. These variations
with tunnel size are in agreement with previously pub-
lished planar results and provide additional confirma-
tion of the severe adverse effect radiated aerodynamic
noise has on transition. The variation of (Ret)s with
tunnel size is explained by the aerodynamic noise that
radiates from the tunnel wall turbulent boundary layer.

2. A correlation of transition Reynolds numbers (Rey)s
data from ten different wind tunnel facilities covering a
Mach number range from 3 to 14, a unit Reynolds num-
ber per inch range from 0.1 x 106 to 1.2 x 106 and
tunnel test section sizes from 12 in. square to 54 in. in
diameter was developed. The correlation was independ-
ent of Mach number and unit Reynolds number and de-
pendent only on the aerodynamic-noise parameters estab-
lished by Pate and Schueler for planar (Ret); data,

3. These axisymmetric (Rey)s data and the resulting
aerodynamic-noise-transition correlation provide addi-
tional confirmation to the earlier suggestions by Pate
and Schueler that extreme caution must be exercised
when -attempting to establish so-called "true' Mach num-
ber and unit Reynolds number trends from transition data
obtained in conventional supersonic and hypersonic tunnels
because of the strong adverse effect of aerodynamic-noise
disturbances.

4, A quantitative correlation of cone to planar transition
Reynolds number ratios was developed. The data corre-
1lation and an empirical equation (based on the aerodynamic-
noise-transition correlation) show a monotonic decrease in
the transition ratios with increasing Mach number. A de-
pendence on tunnel size and unit Reynolds number, in addi-
tion to the Mach number trend, is also indicated.

14
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5. The theoretical analysis of cone-planar transition ratios
developed by Tetervin and often quoted by experimental-
ists as predicting a factor of three to exist, does hot
appear to provide a satisfactory explanation of the results
presented in this report.

6. Wind tunnel (Ret)s results are shown to be significantly
higher than ballistic range data at Mg = 4.3 and
(Re/in.)s ~ 0.6 x 106, Additional experimental testing
is required to explain this apparent anomaly.
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: L ]
(Rey) i A i
e . 41 Planar, b=0 /-/ ]
Ref, 9 "
3 = = 0 - =
| Mg =5.0 7>~ ]
2 1 1 | | 1 2 ) HE Y BT I N |
0.06 0.08 0.1 0.2 03 0.4 06 08 Loxi
(Re/in.)b
d. M_ = 5.03
My =5.5, 8, =5 deg, (T, = 7T19%R)
loxm6_llll AN B A L L A
(Rey) 8 I T i
Ctls - o’_g,g -
6 L1111 . L Lol e la1 111
0.06 0.080.1 0.2 03 04 0.6 0.8 1Lox100
(Refin.)g
e, Mao = 5.94

Fig. B Concluded
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Mg =4.0, Mg =3.82

6
].OX].O [ 1 [ T I T I T I T l l l I_
8 I Config.

TTUWefsdc?
— A

Bc=5deg_'

6
5
4}
- Planar -
(Ret)b 31 D /(b =0) —

=
-d

A Planar
2 - (b =0 —
)
1

]_ | | L T T
0, 0.2 03 04 0.6 0.8 10x100
(Re/in.)ﬁ

Fig. 9 VYariation of Transition Reynolds Numbers with Tunnel Size
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Planar Data and Eq. (4) from Refs. 8 and 9. Based on Data from Nine
Different Wind Tunnel Facilities Varying in Size from
1 to 16 ft, Mach Number Range from 3 to 8, and
{Refin.), Range from 0.05 x 106 to 1. 1 x 106.

Symbol Notation for Cone Data |Is Consistent with Table 111.

3x109 3 -
6 ul
2x10 3 g
é"TU 1.0 :; :-'
S 08} _
o — ol
% 0.6 |- -
=] N gei
T~ o4l e
|.z|u . i
‘_LO - =
a

e 0.2 | -~
0.1 L Planar —'—
0.08 ; Eq. (4) i
0. 06 _1 ) o o1 4 4 ] 1 | o | 1_

0.4 0.6 0.810 2 3 4 5x107

Cr

Fig. 10 Cormelation of Transition Reynolds Numbers
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10 | 50; _
[ 50 =
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—_ é ..-'ﬁ 12 _—.
18 0 O -
—__ o) o...Q..-"':_..O'. __
Rey | 9. ' |
1 N - —

12-....... < /A . /
= lf? g’D a ) ), il
3 : /.’ ./ —
50 & ~ .
®
2_40/"',.!/- ————— B _
20 < "/ .................. s Eq. (5)

- 12 g™ (Refin.)g, = 0.20 x 106 i

1 ! I | | | [ ] !
2 6 8 10 12 14 16

My

Fig. 11 Variation of Axisymmetric and Planar Transition Reynolds Numbers with Tunnel Size

and Mach Number
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syn | Mo Contlguration Facllity Source Method of Detection™

L 3,45 Hollow Cylinder, b =0 AEDC VKF D{12 by 12 in.) Refs, 8 and 9 Maximum P (No Adjustment)**

¢ 561,118 Flat Plate, b=0 ~ AEDC-VKF-E(12 by 12 in.) Refs. 8and 9 Maximum P (No Adjustment)*

- 3.7, 4.6 Flat Plate, b=0 JPL-SWT (18 by 20 in.) Refs. 8and 9 Maximum Suriace Shear (No Adjustment)**

L] 3,45 Hollow Cylinder, b « 0 AEDC-VKF-A (40 by 40 in,) Refs. 8and 9 Maximum P (No Adjustment)*

A 6,8 Hollow Cylinder and Flat Plate, b =0 | AEDC-VKF-B (50-in. Diam) Refs. 8and 9 Maximum P (No Adjustment)**

] 3 Hollow Cylinder AEDC-PWT-16S (16 by 16 ft) Refs. 8 and 9 Maximum P (No Adjustment)**

o 3,3.5,4,4.5 Sharp Cone, 6 =5 deg AEDC VKF-D (12 by 12 in.) Present Study | Maximum P (No Adjustment)** ,
[$) 3,4,4.5,5,5. Sharp Cone, 8¢ =5 deg AEDC-VKF-A (40 by 40 in.) Present Study | Maximum P (Mg = 5.9, Shadowgraph) (No Adjustment)s*
0 6.1,8 Sharp Cone, 6 =10 deg AEDC-VKF-E (12 by 12 in.) Ret. 10 Shadowgraph (Adjusted ty Factar ot 1, 1)

0 3.1,3.8 Sharp Cone, 6 »7.5 deg R.A.E (5by5 in.) Ret. 36 Shadowgraph (No Adjustment)

\Y 10,2 «Sharp Cone, 8¢ =3.75 deg NASA Langley G1 by 31 In.) Ref. 34 Maximum q (0.4 < (Ty/Te) < 0.63) (No Adjustment)

D 10 Sharp Cone, 8¢ =5 deg Repubiic Aviation Corp. (36-in. Diam) | Ref. 37 Maximum § (0. 075 < (Tw/Tg) < 0.36)(No Adjustment)

It 10 Sharp Cone, 6 = 6 deg AEDC-VKF-C (50-In. Dlam) Ref. 33 Maximum § (TwiTo) = 0. 25) (No Adjustmen()

A 18 Sharp Cone, 6 =9 deg AEDC-VKF-B (50-In. Dlam) VKF and Ref. 10 | Shadowgraph ((Ty/Tg) = 0.8, Hot Wall) (No Adjus(ment)

a 6 Sharp Cone, 8¢ = 6 deg AEDC-VKF-B (50-in. Diam) VKF and Ref. 10 | Maximum q ((Tw/Tg) = 0. 63)(Adjusted by Factor of 1, 08)

" 10 Sharp Cone, 8¢ = 9 deg AEDC-VKF-C (50-in. Diam} VKF Shadowgraph ((Ty/Tg) = 0. 66, 1ot Wall)(Adjusted by Factor of 1 1)
o 14.2+0.3 Sharp Cone, 6¢ =9 deg AEDC-VKF-F (54-in. Diam) Ref. 11 Maximum q (T, /Ty = 0. 19M(No Adjustment)

*Extrapolated Data

**Amount of Adjustment Based on Results of Present Study and Refs. 10, 13, and 14

Fig. 11 Concluded
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Fig. 12 Correlation of Axisymmetric and Planar Transition Reynolds Number Rotios
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(Refin. )y x 1076 Range

Method-of -

Sym | Configuration | 8. 99 Mo Mp Facility Detectlon Source
| ihirggo_ne__ L5 | 3tbas 2;29_4 3 0.5t 0.4 VKF-D M_aximum Present Study (Fig. )
O [ Hollow Cylinder | - 3t045 | 3t04.5 (12by 12 In.) | Pitot Pressure ["Rers ™89 and 13
b=0
Sharp Cone 5 3to5 2.9t0 4.7 0.15t0.6 VKF-A Maximum Present Study (Fig. 8
PN LRt E EEEEEE EET Y SEE R (40 by 40 in.) Pitot Pressure |- — — - — — — —— — —
Hoilow Cylinder - 3to5 3to5 Ref. 9
Ib=0) .
Sharp Cone 56 6 5.5 0.15t00.4 VKF-A and Shadowgraph Present Study
e VKF-B Groai VKF
o 150-in, Diam) | AR _ | 22
Fiat Piate - 6 6 Refs. 9 and 38
Ib=0)
Sharp Cone - 6,9 8 7.0, 6.4 0.2, 0.3 VKF-B ‘imax and Refs. 10 and VKF
o tH-——"-—~----4----1r--—--- - (50-in. Diam) | Shadowgraph [
Hollow Cylinder - 8 8 ITwmax and Ref. 14
ib-0 Pitot Pressure
Sharp Cone 6,9 8 1.0, 6.4 0.2 VKF-B Gpax and Ref. 10 and VKF
q = — 150-in. Diam) _Eh_adg\fﬂl'a_ph ______________
Flat Plate - 8 8 Pitot Pressure | Ref. 39
b= 0)
o _§lla£p_an£__ __2____2._1___ _2;9_8____ 0.1t0 0.6 NACA-Le\flls Tw max Ref. 15
Hollow Cylinder | - 3.1 3.1 112 by 12 in.)
| SharpCone_ | 25 [ 50 [490 | 0.15t00.5 NASA-Lewis | Ty max Ref. 16
® I Hollow Cylinder | ~ - 5.0 5.0 (12by 12 in.)

Flagged Symbols - Evaluated at Equivalent IReIin.)6 and My Values I(RefIn. 15 =0.2x 106

Open Symbols - Evaluated at Equivalent IRelin.)5 and M, Values

Solid Symbols - Evaluated at Equivalent (Refin. ), and My Values IFrom Data Cross Plots)

Fig. 12 Concluded
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(Reys, cone

(Reys, planar

Tunnel (Relin.) g X 1076

D 0.3
- 0.15-0.5
A Q
o}

165\K

i R
£q. (6), s con =745 989 Evaluated at (Relin. ) =0.3 x 105
T (Retb)planar
\ I 4 I I 1 L
3 4 5 6 7

Fig. 13 Cemparison of Predicted and Measured Cone-Planar Transition Ratios
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6¢€

Experimental Data Evaluated at Equivalent (Re/in. ) @nd M, Values
]

: , % Method of
Sym | Configuration | % 969 Mo Mg (Refin. ), x 107 Range Facility %; Detection Source
| SharpCone | 5 | 3t0d.5 | _Z._9t_o&3______ 2.15_&19.2____ VKF-D Maximum Present Study
© | HollowCylinder | - 31045 | 3t04.5 0.15t0.5 (IZby 12in.) | Surface Pitot Refs. 9and 13
(b=0 Probe Pressure
SharpCone | 5 _2t25_ | Egt_()ﬂ.l 1_ ___9.1510_0;5 _____ VKF-A Maximum Present Study
& | Hollow Cylinder [ - ﬂ 3to5 | 3to5 0.15t00.5 40by40in.) [  Surface Pitot [ Ref. 9
b=0 Probe Pressure
i _§harp Cone 5 159 5.5 0.2 VKF-A Schlieren Present Study
% T Tollow Cylinder | _ - 5.9 5.9 1 0.2 (40by 40in.) | schtieren " Data Extrapolation |
(b=0 from Refs. 8 and 9
Sharp Cone 6 6 5.5 0.2 VKF-B Adjusted Max Ref. 10 and VKF
- (50-in. Diam) Heat Transfer
S i R T D I | Adustedby Lo _ |
Flat Plate - 6 6 0.2 Maximum Pitot Press. | Refs. 9 and 38
(b -0
Sharp Cone 6,9 8 7| 7.0, 6.4 0.15t00.3 VKF-B Maximum Heat Trans, | Ref. 10 and VKF
o [——————T1---- R e e ataiatal LR (50-in. Diam) | (NoAdjustment) | L
Hollow Cylinder - 8 8 _ 015103 Maximum Pitot Press. | Ref. 14

b=0

Fig. 13 Concluded
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(Ret)5 3 |
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Fig. 14 Comparison of Sharp Cone Transition Reynolds Numbers from Wind Tunnels and an Aeroballistic Range
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sym

Facility
VKF Range K

VKF Tunnel D
(12 by 12 in.)

VKF Tunnel A
(40 by 40 in.)

PWT-Tunnel 16S
{16 by 16 ft)

4.3
4.3

4.3

TwTaw 9. deg Source

= 0.18 10 Ref. 24

=10 5 Present Study

=10 5 Present Study

=10 > Present Study
and Refs. 8
and 9

Fig. 14 Concluded

Method of Detection

Shadowgraph - Schlieren
Schlieren

Surface Pitot Probe Maximum
Value Adjusted to Schlieren Location

(Ret)schlieren = 0.82 (Re’()pmax

Estimated from Two-Dimensional Data
Surface Probe Data
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TABLE |

TUNNEL D TRANSITION REYNOLDS NUMBER, 10-DEG TOTAL-ANGLE SHARP CONE

M, |Mc=M; |po Psia|To, R |(Re/in), x 106 |(Re/in.)s x 1076 | %, * in. | (Re,)s x 1076
2.98 | 2.87 9.93 | 533 0.133 0. 141 ~21 ~2, 97
2.09| 2.88 14,9 524 0.204 0.217 16.7 3.62
3.00 { 2.89 20.0 | 523 0.272 0.289 13.6 3.93
2.98 | 2.87 9.86 | 532 0.133 0. 141 ~21 ~2.96
2.99 | 2.88 12,4 544 0. 160 0. 170 19.3 3.28
2.99 | 2.88 14,9 | 548 0. 191 0.203 17.8 3.61
3.00 | 2.89 17.4 549 0. 220 0. 234 15.7 3.67
3.00 | 2.89 20.0 | 549 0. 253 0. 269 14.8 3.98
3.48 | 3.34 15.0 | 520 0.160 0.172 18.5 3.18
3.48 | 3.34 20.0 516 0. 215 0.232 15.3 3.54
3.48 | 3.34 24.8 | 514 0.269 0. 289 13,2 3.82
3.48 | 3.34 30.0 513 0.326 0. 350 12.0 4.20
3.99 | 3.81 17.5 530 0.139 0.152 19,1 2,91
4.00 | 3,82 20,0 | 528 0.159 0.174 17.6 3,07
4.00 | 3.82 22.5 | 526 0. 180 0. 197 15.8 3.12
4,00 [ 3.82 24,9 | 523 0.201 0. 220 14,7 3.24
4,00 | 3.82 29.9 | 521 0.242 0. 265 13. ] 3.47
4,00 | 3.82 34.9 | 518 0.286 0.313 11.5 3. 60
3.99 | 3.81 39.9 | 518 0.328 0. 359 10,5 3.77
3.99 | 3.8l 45,0 | 517 0.371 0. 407 9,4 3.83
3.99 | 3.8l 50.0 | 518 0.411 0.451 8.4 3.78
4.55 | . 4.32 24,9 | 539 G. 146 0. 163 =20.5 3.34
4.56 | 4,33 27.4 | 540 0. 159 0.177 19. 5 3.46
4.56 | 4.33 29.9 | 542 0.173 0.193 18,9 3,65
4.56 | 4.33 34.9 | 543 0.202 0. 225 16. 6 3.74
4.56 | 4.33 39.9 | 544 0.229 0. 255 15. 6 3. 98
4.56 | 4.33 45.0 546 0. 258 0.288 14,5 4,17
4.56 | 4.33 49.9 | 547 0. 285 0.318 13.5 4.29
4.56 | 4.33 55.0 548 0.312 0.348 12.6 4.38
4.55 | 4,32 60.0 546 0.345 0. 385 11,7 4.50

*xy Determined {fom Surface Probe Peak Pressure
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TABLE I .
-* TUNNEL A TRANSITION REYNOLDS NUMBERS, 10-DEG TOTAL-ANGLE SHARP CONE

#x, Determined from Surface Probe Peak Pressure

M, | M. =M; | Py, psia| To, °R |(Re/in.), x 1076 (Re/in.)s x 1076 | %, * in. | (Rep)s x 10-6 Tezg;:rz.?llll:, of
2.99 2.88 19.8 562 0.243 0. 258 23.3 6.01 14.5
2.99 2.88 29.7 262 0. 364 0. 387 17.0 6.57 5.5
2,99 2. 88 14.8 565 0.181 0. 192 29.0 5,57 14.0
2.98 2.88 10.1 561 0. 126 0.134 39.2 5.25 35
3.00 2,89 49.9 566 0.603 0. 640 9.5 6.08 - 1.5
3.00 2.89 49,6 569 0.596 0. 633 9.3 5.89 -1
3.00 2.89 39.8 568 0.479 0. 509 11.8 6.00 -18
3.00 2.89 35.0 566 0.424 0.450 13.3 5.99 -11
2,99 2.88 29.6 565 0.362 0. 384 15.8 6.07 - 9.5
2.99 2.88 24,17 563 0.303 0. 322 18,7 >~ 6.02 - 2.5
2.99 2.88 19.7 568 0.238 0. 253 22.5 5.69 2.5
2,99 2. 88 15.1 9562 0. 186 0,198 28.0 .9.93 13
2.98 287 12.6 561 0. 156 0. 166 33.2 5.51 19
4,02 3.84 69.9 569 0.493 0. 540 10.5 5.67 -10.5
4,02 3.84 50.0 562 0. 359 0. 394 14.6 5.75 -10
4.02 3.84 34.6 565 0. 246 0. 269 20.0 5,38 - 4.5
4.01 3.83 24,7 563 0.178 0, 195 27.0 5,26 8.0

1 4.00 3. 82 19.8 564 0. 143 0. 157 31.6 4. 95 12
4.54 4,31 116 573 0.623 0. 695 10.0 6.95 ~19.5
4.53 4.30 89.6 573 0.483 0. 539 12,2 6,57 -23
4.53 4.30 59.7 568 0. 327 0. 365 16. 4 5. 98 -19
4,53 4,30 39.6 565 0.218 0.243 22.3 D, 42 -12
4,52 4.29 29.8 564 0. 166 0.185 =28 0,2 - 3.5
4. 50 4.27 19.7 9563 0.111 0. 124 ~38 =4, 7 8.0

5. 04 4.175 150 646 0.532 0,612 13.8 8.44 -18
5.06 4. 77 120 644 0.420 0.483 15.8 7.63 -14
5.05 4.76 101 645 0. 354 0.407 17.5 7.12 -17
5.05 4.78 79.9 646 0. 281 0. 323 20.2 6. 53 -13.5
5.04 4.75 59.9 645 0.212 0. 244 25.2 6.14 ~12
5.02 4.173 40.2 G616 0. 154 0.1177 31.2 5,53 - 2.5
5.00 4,71 29.9 600 0.120 0. 138 37.0 5.11 6.5
5.00 4.71 24.9 602 0. 100 0.115 ~44 5.06 14. 5

TL1-69-41-0Q3V



44

TABLE Ill

SOURCE AND RANGE OF DATA USED IN THE TRANSITION REYNOLDS NUMBER
CORRELATION (FIG. 10)

3 -G I ™ Taat Sactro Mathnd nf sAmaumt of T, /T, T,/ T Method of
Si hal M, My [hx10°]| o, d Ra/m ), x 1N nnnel . [,
ource | Symbnl i 8 x oo deg | (Ra/m), | Slze 9 T Adj me 1 w!/ Taw w ity & Delcrmination
Prasant (o} A PR} 5 5 0 15t00 4 l AEDC - VRF D 12by 12 1n | Muxamum Probe Proasure No Adjustuent 14 ~]l 0 0 H#0 kxpe: uacnty) Data K
Sludy a 30 $ 4 | (Sharp) ! £, =56 .
l o 4 28 | Viaf 20
0 45 | 43 J——— - i
Prasant ® 3 Z0 ) TI5to0 f ABDC - VRTF A 40 by 40 Moximiim Irobe Pressurs No Adjustment | 216 ~i 0 ~0 90 Experimenral Duta -
Study [ ] 1 3 8 {Shurp) 1, - 200 o
¢ 45 11 Rufw B and 28
« 1 a7 .
® | 5n | ons Shaduwgraph —
Raf 10 @ |7 h % | Sharp 0 16tw 0 43 | AEDC . VKF B 56-m  Diuwin Maximum q 108 245 0 72 0, 63 VKF Expurimantal
and VKF [ Ll ] IR [ 016100 29 Maximum g No Adjustment 0 48 0 41 Data and Rel 30
I q« 8 84 0 012100 20 Shadowkraph Nui Adjustment ~0 03 | ~0 81 | fr-2441n
Raf 33 g 4a] 10 8.5| Sharp [] 013 AFNE VKF C 50-In_am ﬂnxnulﬂx_ﬁ Na Adwustment | 300 =0. 29 ~0, 25 VKE Experimental
Rel 10 L d n 7 %] Sharp (] 0 17 ALDU - VR ¢ 50-in Diam Shadowgraph 1.1 ~ 300 ~0 77 w0 60 | Data, f7- « 30D In
Rt 1] mfjuz | e m:rp) 3 012,02 AFIXC - VKF F (llatshol) | 54-in 1ham Moximum q No Adjsdment| 350 | ~022 | ~0 10 | Ref 32, £, 304 1n
Raf 10 —1 8 L] arp 10 93l 2 AEDC - VRIFE 12y 12un Shadowgraph 11 "G4 -0 06 ~0 73 Ealimalag =64 n
8 82 ] 035100 54 ! 11 [} ~0 8 a0 5 Using §*
Rel 34 o | 02 B2 do 3 9 0 0 lo NIEX  LCanzley 3T by 31-3n  Hyparsomc Maximum q No & 1%8 0 43 t 0,37 to| Corrclulum | & = 158 0. |
{Sharp) _ — . 0 Adjustuent 0 e 0.54 | Mefc Box o |
Ref 15 X 31 30| (.n::{p’ s 0110067 | NACA -Leww 12y 12 m Mudmum Ty, 1t ~w | ~.0 | ~000 fo=4Tm
Ref 18 + ho 49 ('=h:rn)| 25 0,16t0 0 47 | NawA - Lewis 12 by ¥21n Maximum T, 113 ~a? ~l 0 | ~0 00 . = b5 4o
P - °
Raf, 45 o IR (s;m» 5 0 1Bta0 46 [ 1Pl - SWT Uby 2 in Aaximnm T, L i | =10 w0 go | Experimental Data
o Ref. 31, £p - 44 {0
3Adjustmant for Merhad of Detection Haged on Refs 13 and 14

**Cool-Wall Mode}

3Nltro|-u Texl Can
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TABLE 1V
ESTIMATED CONE-PLANAR TRANSITION RATIOS

L

e (8)

1 2 3 4 u 142 (—Q—%—
Free-Strcam T.xperimental Theorctical Crilical Itcynolds Number Tistimated, kq. (7) | Fstimated, Tq, (N
Conditions (Fag. 11) (Rel, 22) {from Stability Experiments Ref. 12 ’ . with Adjustments
Tunnel . " - -
M, | (Refin.)y x 1076 | (Rey); | planar ¥ 1076 (Met)s planar-minimum * 106 (Retds, cone
(Rey)s , planar
n 3 0.2 1.42 0.016 a0, 08 1.022 1,23
A 3 2.25 0 016 ~0.08 1.014 1.14
168 8 3.35 0,018 = 0,08 1,010 110
D 5 2.05 0,044 =~0.5 1,042 1.98
A 5 2.95 0.044 ~0.5 1.030 1.68
B 8 4, 1b 0.145 1,048
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